Velocity distributions resulting from the intense, near-IR laser desorption of multilayers of benzene adsorbed on Pt{111} are reported as a function of laser intensity, which was varied by changing fluence and pulse width. The velocity distributions as a function of intensity show characteristics of both thermally and electronically induced desorption. Changing the pulse width from the subpicosecond to the subnanosecond regime only results in a small quantitative change in the velocity distributions, suggesting a similar desorption mechanism for laser pulse duration spanning 3 orders of magnitude. Possible mechanisms are discussed and a new mechanism is proposed in which the process is initiated by a thermally assisted DIET excitation in the chemisorbed layer, and followed by energy transfer from the Pt-benzene interface to the outermost benzene layers via a molecular Newton's cradle mechanism.
I. Introduction
Recently, the intense near-infrared laser desorption of intact benzene molecules has been reported. 1 Three distinct translational distributions were observed and were labeled the hyperthermal or prompt, thermal, and subthermal features according to their respective kinetic energies. The desorbing material that makes up the prompt feature had a translational temperature of up to a few thousand degrees kelvin and originated mainly in the outermost layers of the film for coverage up to 20 ML (ML ) monolayer) of benzene. Such a desorption process would be expected if the multilayer species was strongly absorbing at the excitation wavelength as in the matrix-assisted laser desorption (MALD) experiment. 2 However, the benzene multilayer is transparent to excitation at 800 nm. The desorption mechanism of such transparent multilayers adsorbed on metallic surfaces remains essentially unknown and has only been investigated for films of submicrometer thickness. 3 One hypothesis is that the desorption process is due to the femtosecond duration of the laser pulse. The ultrashort pulse results in laser intensities that are several orders of magnitude larger than the intensities employed in nanosecond experiments.
To begin to elucidate the mechanism of desorption, we investigate here the velocity distributions of desorbed benzene over a wide range of intensities by varying both fluence and pulse width of the exciting laser beam. Our observations provide further evidence for a unique desorption phenomenon for transparent multilayer systems on transition metal surfaces.
There are at least three different standard models that may be proposed to describe the intense laser desorption of multilayers: the thermal, impulsive, and electronic.
In a purely thermal mechanism one expects a MaxwellBoltzmann distribution of desorbing molecules corresponding to the temperature of the substrate at the time of desorption. However, collisions in the gas phase after desorption may serve to alter the pure thermal distribution to one having a stream velocity. 4 The high heating rates achievable (10 10 K/s) favor desorption of intact molecules over reaction. 5 In the impulsive mechanism a velocity distribution corresponding to a modified Maxwell-Boltzmann distribution having a stream velocity offset is expected. An example of impulsive 6 desorption is given by the photochemical ejection of methyl bromide from a LiF{0001} surface. 7 It is important to note that in the case of impulsive desorption the adsorbate normally strongly absorbs the incident radiation because desorption is mediated by the repulsive portion of the potential energy surface.
In the case of electron-induced desorption a range of desorption profiles may be observed. In the case of desorption induced by electronic transitions (DIET) the desorbate distribution is nominally Maxwell-Boltzmann 8 and the cross section for desorption increases linearly with laser intensity. This is because the desorption process involves a single electronic excitation. The velocity of the desorbate does not increase appreciably as the laser intensity is increased but has been observed to increase as the wavelength of the incident laser is decreased. 9 In the case of desorption induced by multiple electronic transitions (DIMET) the intensity of the desorbate signal is known to increase nonlinearly with laser intensity. 10 This is thought to be a signature of the multielectron nature of the adsorbate excitation prior to desorption. In the case of DIMET there is a correlation between the desorbate kinetic energy and the incident laser intensity. 11 A nonlinear increase of yield with fluence is also observed in the case of MALD. In the case of absorbing condensed phase systems, such as MALD, there is no strong dependence of the gas phase velocity distribution on the incident pulse energy, 12 but the amount of desorbing material has been measured to scale as the sixth power of the incident laser intensity. 13 However, since the ions created during the desorption process determine the velocity distribution, the sixth-order dependence does not necessarily imply an electronic desorption mechanism.
There are three time scales that are important for laser desorption: the time scales for electronic and phonon excitation and the time scale for desorption of the adsorbate. The initial excitation in DIET and DIMET occurs on the electronic time scale (electron mediated), 14 while in conventional nanosecond laser desorption the excitation occurs on the nuclear time scale (phonon mediated). 15 In either mechanism, desorption occurs on the time scale set by the amount of excitation and the mass of the adsorbate. Altering the laser pulse duration may cause an observable change from electronic to phonon excitation. This is because the shortest duration laser pulse initially produces a nonequilibrium partitioning between electron and phonon heat baths. At short times (up to a few hundred femtoseconds), the electronic modes are primarily excited, 16 while equilibration with the lattice occurs over a picosecond time scale. For longer duration laser pulses the electron and lattice temperatures remain in equilibrium and the two-photon photoemission can be used to determine the lattice temperature. 17 To determine whether electronic or phonon mechanisms dominate in the desorption mechanism we probed the time-of-arrival distributions for multilayers of benzene at different laser pulse widths.
The C 6 H 6 /Pt{111} system has been well characterized using conventional surface analytical methods. [18] [19] [20] [21] Benzene forms a well-defined series of binding states on the Pt{111} surface when adsorbed at 120 K. Molecules first adsorb in a chemisorbed layer that desorbs between 200 and 500 K. A series of three physisorption states are formed sequentially at higher coverage. 22 As described previously, in the R 1 state the molecules are initially oriented parallel to the surface. Upon further exposure, R 1 molecules rearrange into a more crowded, amorphous layer at high average tilt angle (the R 2 state). This state is metastable and converts into bulklike crystalline benzene, the R 3 state, upon annealing or at coverages above 6 ML. These states are observed to desorb between 120 and 180 K. The growth mode of bulklike benzene is most likely in the form of 3-dimensional clusters as in the Stranski-Krastanov growth mode. 22 The crystalline benzene is always covered by a single amorphous layer as shown by infrared spectroscopy. 21 In this report one monolayer (ML) is defined as the number density of benzene molecules in the chemisorbed layer.
Laser-induced desorption of benzene multilayers has previously only been studied for micrometer-thick films with nanosecond lasers with either resonant infrared 23 or UV excitation. 24 In both cases the desorption/ablation of the benzene films is thermally induced.
In this paper, we contrast our previously measured coverage dependence 1 of femtosecond laser-induced desorption with 200 ps induced desorption. In addition, we recorded the fluence dependence at both pulse widths showing that translational energies of the desorbates increase with increasing fluence. We then bridged the gap between these two pulse widths by performing a pulse width variation at constant fluence, which shows a small but significant increase in yield and temperature of the prompt feature as the duration of the laser pulse is increased from 150 fs to 10 ps. These observations provide evidence for a process initiated by thermally assisted DIET excitation at the metal-benzene interface followed by efficient energy transfer across the multilayer.
II. Experimental Section
The Pt{111} crystal was mounted on a rotatable xyz translation stage contained in an ultrahigh vacuum chamber with a base pressure of 10 -10 Torr. The crystal could be resistively heated to 1200 K and liquid nitrogen cooled to 100 K for these experiments. The chamber is equipped with a hemispherical electrostatic analyzer, electron gun, LEED optics, and sputter gun for surface analysis and cleaning. The crystal was cleaned by argon ion sputtering and oxidation/anneal cycles until there was no carbon detectable in an Auger spectrum and the oxygen desorption spectrum showed a well-developed recombinative desorption peak between 600 and 950 K. 25 Benzene is cleaned by several freeze-pump-thaw cycles until a residual gas spectrum taken in the UHV chamber displayed no impurities. Benzene was dosed at a crystal temperature of 110 K. After each laser desorption run, the residual benzene multilayer was desorbed by heating the crystal to 200 K, leaving the chemisorbed benzene layer on the surface. This dosing procedure avoided carbon contamination of the surface by thermal cracking of benzene.
The laser source used in this work was an Ar + -pumped Ti: sapphire oscillator (Spectra Physics Inc., Tsunami) regeneratively amplified at 10 Hz (Spectra Physics Inc., TSA 10). The regenerative amplifier was pumped by the second harmonic of a Nd:YAG laser (GCR-130). Pulses of between 150 fs and 200 ps duration at λ ) 800 nm were employed, and the pulse width was measured routinely by an autocorrelator. Longer pulses are obtained by varying the amount of compression after regenerative amplification. 200 ps pulses are produced by bypassing the compressor stage completely. Figure 1 depicts a schematic diagram of the optical arrangement used in this work. The beam diameter was controlled by a 3 mm diameter iris before the scanning unit that rastered the laser beam across the metal surface. The scanning unit could not be synchronized to the laser pulses but moved the laser spot on average 600 µm in the x-direction and 200 µm in the y-direction in a serpentine shape. Increasing the step size along y further did not change the form of spectra. The beam was directed onto the Pt{111} surface at 45°and focused to a 270 µm diameter spot, as calculated from the measured focal length of the lens and the measured distance to the crystal. For intensity-dependent measurements, the incident pulse energy was varied by a combination of half-wave plate and polarizer. Beam profile and pulse energy are measured with a CCD camera and an energy meter, respectively, after exiting the chamber. The laser fluence was then calculated from the measured pulse energy and the top-hat profile recorded by the CCD camera as scaled to the spot size on the crystal. While a given fluence is reproducible to better than 5%, the absolute value, due to uncertainty in the calculated spot size, lies within (20% of the cited value.
A quadrupole mass spectrometer (QMS) was mounted along the surface normal to measure time-of-arrival distributions. The drift time of ions inside the QMS was determined by varying the QMS-crystal distance. Traces were acquired using a multichannel scaler in 2 µs time bins for 8 ms with the QMS in pulse counting mode, and converted from time space to velocity space using the appropriate Jacobian. 26
III. Results and Discussion
Coverage Dependence for 150 fs and 200 ps Induced Desorption. In our previous study of the coverage dependence of the 150 fs laser induced desorption of multilayer benzene, 1 we showed that the time-of-arrival distributions contain up to three peaks, which can be analyzed quantitatively by fitting them to a sum of the following modified Maxwell-Boltzmann distribution:
where a is a proportionality constant, t is time, d is the distance of flight, and u is a constant used to offset either for a stream velocity due to collisional processes in the gas phase or a residence time of the molecule on the surface before desorption. Molecules from the top of the benzene multilayer escape first and desorb in the fastest of the three peaks as shown by an experiment with layered films of isotopically labeled benzene. 1 Their velocities will therefore be hardly altered by collisions and we fit the fastest peak without a stream velocity. The other two peaks are typically wider than a Maxwell-Boltzmann distribution and their energy is calculated as a flux-weighted mean 〈E t 〉 27 to take account of the stream velocity. For convenience, we express the averaged translational energies as translational temperatures, where 〈T t 〉 ) 〈E t 〉/2k B . This does not imply that we are observing equilibrated ensembles.
As described previously, the distributions have to be fit with a minimum number of two Maxwellian distributions for coverages up to 6 ML ( Figure 2A ). The fits revealed a hyperthermal or prompt distribution that corresponds to a translational temperature of the order of 2000 K and a thermal distribution corresponding to a translational temperature of around 300 K. There can also be a subthermal peak corresponding to energies below 100 K for coverages above 6 ML ( Figure  2B ).
In our previous study we found that the desorption intensity of the prompt peak increases with coverage to a maximum at around 3-4 ML and then stays constant up to 20 ML. The translational energy of the prompt molecules was found to be constant within (10%, the variation being correlated with the change in adsorption energy of the different benzene layers.
Not only does the intensity of the prompt peak show a change in slope between 3 and 4 ML but also the thermal intensity and consequently the total desorption yield as shown in Figure 3 . This change in desorption cross section coincides with the beginning growth of crystalline benzene (R 3 peak in TPD) on top of the amorphous R 2 layer. The subthermal peak only becomes distinctly visible above 6 ML and coincides with the crystallization of the R 2 layer during exposure, 21 but since its peak maximum shifts strongly to lower velocities with increasing coverage it might be present at lower coverages but at first hidden by the thermal peak.
For 200 ps induced desorption, we find that the temperature of the prompt and thermal features does not change markedly with increasing multilayer thickness. The most probable velocity of the prompt feature ranges between 800 and 900 ms -1 for these coverages (Figure 4) . The fact that the temperature of the prompt distribution remains constant as a function of film thickness for the 200 ps laser desorption again suggests that this feature is produced in the near-vacuum region as we have shown previously for 150 fs induced desorption. The total desorption yield (and the intensities of the prompt and thermal features), however, shows a different behavior (Figure 3 ). While 
there is still an initial increase from 1.1 to 3.7 ML, the yield then drops by about 30% at higher coverages. Again, there is a coincidence of this decrease with the onset of bulk benzene growth. The other striking difference from the previously taken spectra is that the subthermal peak appears at much lower velocities and is now quite separated from prompt and thermal peaks ( Figure 4 in comparison to Figure 2B ). Specifically, its translational temperature decreases from 13 K at 8.8 ML to 8 K at 14.7 ML and the distributions require a positive stream velocity for a good fit. In the case of 150 fs induced desorption the temperature decreased from 64 K at 6.6 ML to 34 K at 16.5 ML. The prominent subthermal feature is only observed at such low velocities when the long duration laser pulse is employed. This subthermal temperature is lower than the manipulator temperature and thus must have a nonthermal origin. One possible explanation for the subthermal distribution would be the formation of slow moving benzene clusters when high multilayer coverages are being desorbed. Taking the manipulator temperature of about 120 K as a reference, then for the 150 fs desorption the cluster size would be 2-4 molecules and for the 200 ps desorption it would lie in the range of 9-16 molecules. The benzene clusters would dissociate in the electron impact region of the mass spectrometer to give rise to the signal at m/e -) 78 amu. Another explanation for the slow moving benzene distribution would be a desorption mechanism that involved a long surface residence time. This residence time would then have to increase with increasing multilayer coverage and increasing laser pulse width.
The laser intensity has changed by more than a factor 1000 between our previous and these measurements, and while there is a definite decrease in the desorption cross section of the prompt peak, it still shows qualitatively the same behavior, suggesting the same desorption mechanism.
Finally, it is remarkable that, even at our lowest coverage of 1 ML and for both pulse widths, there is always a prompt and a thermal distribution needed to fit the spectra and the ratio of their yields changes only slightly over the whole coverage range. So even when we desorb just from the chemisorbed layer with only one kind of adsorption state for the benzene molecule, a bimodal distribution is produced.
Fluence Dependence of the Desorption Process at 150 fs. The previous data suggest that not the laser intensity but rather the laser fluence might be the important parameter in the desorption process. To analyze the fluence dependence of the desorption process we first plot the total yield as a function of laser intensity for 3 ML coverage in Figure 5 . Since benzene desorbs intact even at the highest fluence employed, we concentrated on measurements made at m/e -) 78 amu for absorbed laser fluence between 26 and 200 mJ cm -2 . This corresponds to intensities between 7 × 10 10 and 5.3 × 10 11 W cm -2 . The plot reveals that there is an apparent threshold to desorption of approximately 30 mJ cm -2 , corresponding to 8 × 10 10 W cm -2 . Calculation of the lattice temperature 28 shows that a maximum temperature of 1200 K is obtained for the Pt surface while an average temperature jump of 450 K is maintained for 100 ps. In the case of nanosecond heating of adsorbate-surface systems, a well-defined threshold for desorption is not usually observed because of the exponential dependence of the rate on temperature. Above the apparent threshold energy for desorption we measure a superlinear increase in the desorbate yield that can be fit to a third-order dependence of the laser intensity. A log-log plot of yield versus absorbed laser fluence reveals that the observed threshold is most likely due to our detection sensitivity.
Above approximately 120 mJ cm -2 the desorption yield saturates and this is attributed to complete desorption of the multilayer feature. Calculations reveal that the maximum lattice temperature obtained is 3600 K with an average of 1100 K over 100 ps. The saturation intensity was observed to increase with increasing coverage in the benzene multilayer. In the case of a 6 ML experiment there is no plateau in the yield at the highest intensities available for these experiments. This suggests that the maximum laser intensity available was insufficient to remove the entire multilayer.
The temperatures fit to the velocity distributions are plotted as a function of laser intensity in Figure 5 . As can be seen, there is a linear dependence of the translational temperature on the laser fluence up to 120 mJ cm -2 for both prompt and thermal features. The translational temperature of the prompt peak at our detection threshold is 800 K. This is greater than the average temperature of 450 K of the Pt lattice calculated over the first 100 ps and less than the calculated peak temperature of 1200 K. The observation that the temperature of the prompt feature is not in equilibrium with the surface temperature is in accordance with the hypothesis that the prompt feature originates in the outermost layers of the multilayer structure. 1 In the case of the thermal peak, the temperature of the distribution increases linearly from 275 K at threshold to 400 K at 200 mJ cm -2 fluence. This trend and the kinetic energies are consistent with a thermal heating mechanism.
The prompt feature displays a maximum in kinetic energy at approximately 120 mJ cm -2 fluence. This maximum corresponds to the plateau in desorption yield. One might conclude that the correspondence indicates an importance of collisional processes in the gas phase for producing high kinetic energy species. In this scenario, desorption of additional molecules into the gas phase would produce more collisions in the adiabatic expansion and thus a higher terminal stream velocity. 4 However, in our coverage-dependent measurements the total yield changes by a factor 20 while the translational energies stay constant within 10%. This is not consistent with the major component of kinetic energy coming from gas phase adiabatic expansion. Also, as the translational temperature of the prompt feature increases, there is no apparent stream velocity as would be expected for collisional cooling.
Alternatively, the plateau in the kinetic energy distribution as a function of laser fluence may indicate the presence of a different desorption mechanism with a threshold near 120 mJ cm -2 . Such a mechanism might be a direct desorption mechanism of the benzene where a three-photon absorption becomes probable at the intensity of 3.2 × 10 11 W cm -2 . However, as shown below, the temperature of the prompt feature depends on fluence rather than intensity, making a multiphoton mechanism more unlikely.
The plateau most likely corresponds to a limit in the amount of energy that can be transferred from the Pt surface into the film before desorption occurs. In this case the final translational temperature of the benzene is the product of the amount of energy deposited into the Pt and the probability of further transfer into the benzene layer. The energy deposited into the metal lattice depends only on the number of incident photons. The amount of energy transferred into the benzene depends both on the Pt energy and the residence time of the multilayer on the surface.
The measured desorbate distribution can be deconvolved into prompt and thermal components as shown by the filled symbols in Figure 6 as fractions of the total desorption yield as a function of fluence. There is a definite change around 50 mJ cm -2 . At low fluence, there are relatively fewer molecules desorbing in the prompt peak than at higher fluence.
Fluence Dependence at 200 ps. For comparison, velocity distribution measurements were made as a function of fluence at 200 ps pulse width. The desorbate velocity distribution as a function of fluence of the 200 ps duration laser pulse at a coverage of 4 ML was measured over the range 20-90 mJ cm -2 only, to avoid laser-induced damage, which becomes more likely when the surface is heated above 1000 K with nanosecond duration laser pulses. 29 The resulting translational temperatures, as shown by the open symbols in Figure 5 , are the same as for 150 fs desorption. The total desorption yield also increases with increasing fluence, similarly to the 150 fs case. The coverage dependence of the fractional yields of prompt and thermal peaks is very different, though, from the femtosecond case ( Figure  6 ): the contribution of each peak is now independent of fluence above our observation threshold.
Pulse Duration Dependence of the Desorption Process. Having established that 150 fs and 200 ps duration pulses result in qualitatively similar kinetic energy distributions, we finally investigated what the quantitative change in going from femtosecond to picosecond induced desorption is.
To probe the velocity distribution of laser desorbed benzene as a function of pulse duration, measurements were performed at constant laser fluence (80 mJ cm -2 ) while the laser pulse duration was increased from 150 fs to 200 ps. The yield of the prompt and thermal features is plotted as a function of pulse duration in Figure 7A for the case of 4 ML of benzene. The thermal yield doubles and the prompt yield triples as the pulse duration is increased from 150 fs to 13 ps. Above 13 ps, the intensity of each feature decreases by approximately a factor of 2. The latter measurement was made with the uncompressed pulse of approximately 200 ps pulse duration. We conclude that less energy is coupled into the multilayer when the longest duration laser pulse is employed. This may be because the mechanism of desorption is changing or because the time scale for desorption is beginning to compete with the time scale for transferring energy from the hot Pt lattice to the benzene multilayer.
The translational temperatures resulting from the modified Maxwellian fits to the velocity distributions are plotted in Figure  7B for the prompt and thermal features as a function of laser pulse duration. The translational temperature of the thermal feature decreases only slightly from 450 to 400 K as the pulse duration is increased from 150 fs to 200 ps. In the region of the large increase in desorption yield for 13 ps pulse duration there is essentially no evidence for a corresponding increase in translational temperature. This can be contrasted with measurements made as a function of laser fluence where increasing desorption yield correlated with increasing translational temperature of the thermal feature. We conclude from this that postdesorption collisions are not necessarily responsible for the increase in translational temperature observed in the fluence and previous coverage-dependent measurements. 1 The translational temperature of the prompt feature increases by approximately 30% from 1450 to 1750 K upon increasing the pulse duration from 150 fs to 13 ps. In this case there is a positive correlation with the desorption yield. This trend is consistent with the hypothesis that the prompt feature is not created by the same mechanism that produces the thermal feature.
At this point it is helpful to summarize our findings. We have varied the intensity of the incident laser pulse in two ways. In the first case, we kept the pulse width constant and found that an increase in fluence is accompanied by an increase in desorption yield and an increase in translational energy of the desorbing molecules. In the second case, we kept the fluence constant and found that an increase in pulse width up to 13 ps (i.e., a decrease in intensity) is accompanied by, again, increasing yield and increasing translational energy for the prompt feature, though decreasing translational energy for the thermal feature. This shows that, for the prompt desorption feature, the fluence rather than the intensity is the determining factor in the desorption mechanism.
Possible Desorption Mechanisms. The trends observed in the case of the 200 ps laser desorption experiments are similar to those observed in the case of 150 fs duration desorption. This suggests that the mechanism of desorption is similar for laser pulse duration spanning 3 orders of magnitude and is therefore essentially driven by the number of absorbed photons and not the time scale of their arrival. This places severe restrictions on potential mechanisms of desorption.
To begin with, we will briefly discuss standard models that have been invoked for laser-induced desorption, before introducing a new model to explain the observed phenomena.
Thermal Models. Typical for laser-induced thermal desorption (LITD) at high heating rates are the following characteristics: a threshold for significant desorption yields, a nonlinear increase of yield with fluence, and a linear translational energy dependence on fluence. So our observed phenomena are strongly reminiscent of LITD with one important exception. A thermal model alone cannot explain why, even for coverages as low as 1 ML with only one benzene adsorption state, a bimodal timeof-arrival distribution should be observed.
Electronic Models. A nonlinear increase in yield and a linear dependence of the translational energy on fluence have also been found in DIMET of O 2 /Pt{111} 30 and CO/Cu{100}. 31 The main drawback of this scheme is that the efficiency of the DIMET process is intensity dependent. As the pulses are broadened into the sub-nanosecond regime one would expect the character of desorption to change to DIET-like behavior (as observed for O 2 /Pt{111} 32 ). This would become apparent as a translational energy of the molecules which is independent of fluence, contrary to what we observe.
At the high laser intensities we use, it is possible that photoelectrons are emitted from the surface. If their yield is high enough a space charge should build up, driving photoelectrons back to the surface where they could conceivably initiate desorption. But since our photon energy is only 1.55 eV and the work function of 1 ML benzene on a platinum surface is 4.4 eV, 33 photoelectrons can only be emitted via multiphoton excitation. This effect should therefore be strongly intensity dependent and thus would "switch off" for longer duration pulses.
Another possible mechanism would be the optical excitation of the physisorbed benzene molecule into a long-lived vibronic state. Such a state exists at a transition (6 1 0 ) of 266.67 nm, exactly 3 times the energy of the 800 nm photon, so that the third-order dependence of the yield on fluence could be explained by a three-photon excitation of the benzene molecule. This state has a lifetime of 100 ns in the gas phase. 34 Even if the lifetime was reduced in the condensed phase, it could conceivably still be long enough to make little difference whether this state is excited with femtosecond or subnanosecond pulses, as has been shown in gas phase multiphoton ionization experiments. 35 To test this hypothesis we varied the wavelength between 790 and 830 nm. We found no change in the time-of-arrival spectra and therefore exclude this excitation mechanism.
Since neither phonon-nor electron-based mechanisms alone can explain the full range of benzene desorption phenomena, we propose a new hybrid model, described below.
Vibrationally Assisted DIET and Newton's Cradle. Since neither standard phonon-nor electron-based mechanisms alone can explain the full range of benzene desorption phenomena in the monolayer and multilayer regimes, we propose a new model. This invokes vibrationally assisted electronic excitation in the chemisorbed layer to initiate the desorption process, followed by a phonon transfer mechanism ("Newton's cradle") for the efficient transport of energy to the outer layers at higher multilayer coverages.
A. Vibrationally Assisted Electronic Excitation in the Chemisorbed Layer. If photon-induced electronic excitation of chemisorbed (first layer) benzene is to be invoked in the initiation step of the desorption process, we need to ascertain the lowest unoccupied state of the mixed-orbital states of benzene plus Pt metal. Calculations 36 of the STM image of an isolated benzene molecule on Pt{111} 37 using a molecular orbital approach as well as cluster calculations 38 place the antibonding states in the range 2-3 eV above the Fermi level. Inverse photoemission of benzene on Rh{111} 39 and NEXAFS of benzene on Cu{110} and Ni{100} 40 confirm these calculations. Moreover, in a recent density functional theory, gradient density corrected, slab calculation of benzene on Ni{111} in a ( 7× 7)R19.1°s tructure, 41 which closely reproduces the results of a detailed LEED structural study, 42 the antibonding states are again found at between 2 and 3 eV above E F . Since the photon energy in the present study is 1.55 eV, we conclude that photoelectron excitation alone is insufficient to populate the lowest antibonding states of the benzene-Pt system. Instead, we propose, as outlined below, that the Franck-Condon excitation to the electronically excited state takes place from a vibrationally excited state of the ground electronic state, where the excitation energy to the unstable state is 1.55 eV. Once in the electronically excited state, the molecule can begin to move away from the metal surface, gaining kinetic energy as it moves on the repulsive potential of the upper state. A laser pulse penetrates the benzene multilayer without attenuation, as there are no excitations of solid benzene around 1.55 eV. As the pulse reaches the metal-benzene interface, photons are strongly absorbed in the metal surface region by electron-hole pair excitations, the electronic temperature being raised in this region on the time scale of the laser pulse duration. The lattice temperature of the combined metal-surface layer plus chemisorbed layer system rises on a longer time scale, in the region of a few picoseconds, 43 which is determined by the electron-phonon coupling strength. However, even on the time scale of the shortest pulses used in the present work, 150 fs, phonon excitation will have significantly populated higher vibrational states of several lower frequency modes of the benzene-metal system. After initiating vibrational excitation with the initial portion of the laser pulse envelope, the remainder of the laser pulse may induce transfer to the benzene-metal excited state by a Franck-Condon excitation, as depicted in Figure 8 , with an excitation energy in the region of the incident photon energy. This can be achieved by direct photoelectron excitation or via hot electrons. In this way, photons in the first part of the laser pulse will lead, via phonon excitation of the substrate, to vibrational ladder climbing of the ground state molecules, while photons in the second part of the laser pulse will cause electronic excitation to antibonding states. The molecules can then gain enough kinetic energy on the excited PES to finally desorb from the ground state PES with an excess energy of about 0.07 eV or 800 K (compare Figure 5) at the observed threshold of desorption, unless this energy is transferred by collision with other benzene molecules in the multilayer prior to desorption.
The mechanism schematically illustrated in Figure 8 shows, for simplicity, electronic excitation from the ν ) 10 vibrational state, matched by a 1.55 eV excitation energy to the antibonding excited state PES. The benzene-platinum stretch mode has been observed at 360 cm -1 (45 meV). 44 Assuming a Morse potential 48 then at a surface temperature of 1000 K, vibrational states ν ) 10 or higher have a total population of 1%. Vibrational excitation of other modes, such as the ring-breathing modes of the carbon skeleton or the out-of-plane CH wagging modes, may also be involved, but here we note that excitation of the moleculesurface mode along the desorption coordinate reduces the threshold energy for a Franck-Condon transition in two ways: one by vibrational ladder climbing and the other by the lowering of the total energy of the excited state molecule-surface system along the same coordinate.
The initiation of the desorption process by thermally-assisted DIET, as described above, is uniquely consistent (among all the models we have examined) with the pulse width dependence of desorption process shown in Figure 7A . If the laser pulse is very short (150 fs), population of the higher molecule-surface vibrational states will be too low for efficient electronic excitation while the pulse is still on. However, as the pulse is lengthened, the higher vibrational levels become well populated while the laser is on, so that the electronic excitation becomes more efficient. Our measurements show the optimal pulse width to be around 10-20 ps. At even longer pulse widths, the efficiency of the process decreases because the maximum achievable lattice temperature, and therefore the degree of vibrational preheating, is now much lower.
In further support of this model for the initiation process, we note that there is experimental evidence from semiconductor and insulator surfaces 45, 46 and theoretical evidence for NO/ Pt{111} 47 that an increase in surface temperature can increase the DIET (or DIMET) desorption yield by a factor 2-4. With pulsed laser heating and very high transient temperatures, much higher vibrational levels should be accessed.
The monotonic dependence of the prompt yield, and translational energy, on fluence ( Figure 5 ) is also fully consistent with this initiation mechanism. As the fluence is increased at constant pulse width, the maximum electronic and lattice temperatures of the system are increased in a near-linear fashion, and so efficient vibrational heating is achieved earlier during the laser pulse before the DIET process sets in. The increasing efficiency of prompt desorption with increasing fluence for 150 fs desorption is shown in Figure 6 . We noted before that at the lowest fluence the spectra could be fitted with a single broadened translational energy distribution, corresponding to thermally induced desorption. It is the prompt desorption peak that is directly associated with the vibrationally assisted electronic excitation mechanism, and the cross section for this process is low at low fluences.
For thick benzene layers only a small fraction of molecules undergo this process, but since they desorb translationally hot their angular distribution is strongly forward peaked thus leading to a higher detection rate in the QMS. The rest of the molecules desorb in the thermal peak (laser-induced thermal desorption). This peak is broadened because of the large number of molecules desorbed in one shot. This leads to gas phase collisions above the surface, a full range Maxwellian develops and some molecules will move back toward the surface. They will stay there for a certain residence time, depending on the temperature of the surface at that time, and the redesorb again, adding to the time-of-arrival signal at later times. The broadening is less pronounced at lower coverages, as would be expected from this scenario.
B. Propagation of Kinetic Energy across the Multilayer. As shown experimentally with isotopomers, 1 the benzene molecules desorbing from a multilayer into the prompt desorption peak originate from the outermost benzene layers. In our model, the impulse for this process is nevertheless generated, as described above, in the first, chemisorbed layer. This impulse takes the form of an excited state, or ground state, benzene molecule moving with a translational energy of g0.07 eV away from the metal surface. Clearly, energy transfer will take place with benzene molecules in successive layers, each intervening layer experiencing a recoil from the layer above it. The last layer, at the benzene-vacuum interface, will desorb into the vacuum if the energy transferred to it exceeds the benzene condensation energy.
In this way, the energy is transferred by a soliton phonon wave (in the ideal case) from the chemisorbed layer, where the initiation process (Figure 8 ) occurs, to the outermost layer. This process can be described as a molecular Newton's cradle, shown as an inset to Figure 8 .
This second stage of the desorption mechanism is also fully consistent with experimental observation. We have found the following.
1. For multilayer coverages there is little variation in translational energy of the prompt peak with layer thickness. 1 2. The cross section for desorption in the prompt peak is initially constantsup to about 3-4 ML the partial prompt desorption yield increases linearly with coverage. At higher coverages the yield then reaches a plateau. This coincides with the onset of bulk benzene growth. With 3D islands being formed the film will reach its maximum surface area around 4 ML and our model for a Newton's-cradle-like energy transfer requires that the finally desorbing molecules can escape without further collisions. 3. When the coverage is increased beyond 6.5 ML, the density of the thermally desorbing gas is sufficiently high for benzene clusters to form. Molecular density and velocity in the plume will determine the average cluster size and the latter will therefore be a complex function of laser pulse width.
In conclusion, we have shown that a hybrid model in which kinetic energy is generated in the first chemisorbed layer by a DIET mechanism, assisted by vibrational preheating, and followed by a molecular Newton's cradle for energy transfer from the bottom to the top of the benzene film, can qualitatively explain the large range of phenomena displayed by laser-induced desorption of benzene mono-and multilayers. We are currently developing a theoretical model to explain our data in more detail, which will be discussed in a forthcoming paper. 48 
